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ABSTRACT: Q-band Electron Paramagnetic Resonance (EPR)
data conclusively demonstrate that the iron and cobalt centres in
the solid solution [Fe(bpp)2los7[Co(terpy)2loos[BFal2 (bpp = 2,6-
di{pyrazol-1-yl}-pyridine) undergo allosteric spin state switching
during light-induced excited spin state trapping (LIESST) at 20 K,
and thermal relaxation around 80 K. EPR of [Cu(terpy)2l** and
[Cu(bpp)2]**, doped into the same host lattice, also indicates ex-
pansion of the copper coordination sphere during LIESST excita-
tion.

Spin-crossover (SCO) compounds' continue to be heavily studied
as components in multifunctional materials and nanostructures.?
They are also useful testbeds for the development of new tech-
niques and theories of molecular crystal engineering,* and more
fundamental solid state physics.> SCO transitions can be induced
at low temperatures by a number of stimuli, most commonly visi-
ble light.® That may lead to kinetic trapping of the sample in its
excited spin state, the Light-Induced Excited Spin State Trapping
(LIESST) effect.!”” Where relaxation by quantum mechanical
tunnelling is slow, as in many iron(Il) compounds, the sample only
reverts to its ground state above a thermal activation temperature
T(LIESST). This can be above 100 K in favourable cases.

Introduction of inert dopant ions into SCO materials affects
their SCO cooperativity and temperature in predictable ways,
without significantly changing the lattice structure.” Such studies
have been important in the development of models for SCO pro-
cesses,!? and for understanding the dynamics of the LIESST exper-
iment.!" The use of dopant ions as spectroscopic probes of SCO is
rarer, however. Most examples involve EPR of Mn?* or high-spin
Co?* dopant ions, whose zero-field splitting is perturbed by SCO
in the host-lattice.!>1°

We have prepared solid solutions based on [Fe(bpp)2][BFsl
(bpp = 2,6-di{pyrazol-1-yl¥pyridine),?® which undergoes abrupt
SCO at T4 = 261 K and has useful LIESST properties with
T(LIESST) = 81 K.2122 As well as the isomorphous metal dopants
[FexM1-{bpp)2l[BF4]2 (M = Co, Ni or Cu),?>%° the same host lat-
tice accommodates up to ca 25 % of [M(terpy)2]** (M = Co, Cu or
Ru) dopants while remaining phase pure and apparently homoge-
neous.?3?>?7 Magnetic data suggested that SCO and the LIESST
effect in [Fe(bpp)2l{Co(terpy)2li-{BFsl2 (y = 0.85 or 0.76) in-
volves switching at both the iron and cobalt centres. That repre-

sented the first example of allosteric switching of different metal
ions in an SCO material; and, the first report of spin-state trapping
in a solid cobalt(Il) complex.??” In comparison, the high-spin
excited state of pure [Co(terpy)2][C1O4]2 relaxes back to its low-
spin ground state within 400 us at 10 K in a LIESST-type experi-
ment.?8

The above conclusion remained tentative, however, since mag-
netic measurements cannot address the cobalt dopant ions direct-
ly. To address that limitation, we now report EPR studies of the
LIESST effect in [Fe(bpp)2Joo7[Co(terpy)zloos[BFalz (1).2° We also
include similar measurements of two copper-doped analogues,
[Fe(bpp)2loss[Culterpy)zloo BFalz @ and
[Feo.97Cuo.03(bpp)2l[BF4l2 (3),% since the Jahn-Teller (JT) struc-
tures of copper ions can be very sensitive to changes in their local
environment.!31429

Chart 1. The complexes referred to in this work.

[M(terpy)o]®*
M= Co or Cu

[M(bpp)2]2*
M = Fe or Cu

For this study, we employed high-resolution EPR at Q-band (34
GHz) to probe LIESST in compounds 1-3 using Co?* or Cu?* as
reporters.3? Suitable samples for photoswitching inside the EPR
probe were prepared by dispersing the target compounds into KBr
pellets, similar to routine FTIR preparations. The concentration of
1-3 was adjusted in each case as a tradeoff between sufficient
transparency of the pellet and reasonable intensity of the EPR
spectrum. Applying pressure to SCO-like compounds should be
done with care, since sufficiently high pressures can modify their
physico-chemical properties.®! However, we ensured that polycrys-
talline powder samples and compounds dispersed in KBr pellets
have very similar variable-temperature spectra (Figure S7). There-



fore, the impact of sample preparation on the SCO properties of 1-
3 was insignificant.

All measurements were carried out using a Bruker Elexsys E580
EPR spectrometer at Q-band in continuous wave mode, while
spectrum simulations were done using EasySpin.>* Photoillumina-
tion was performed with a 532 nm OLED fed directly into the
EPR probe by an optical fiber. As mentioned above, the host lat-
tice [Fe(bpp)2][BF4]2 undergoes LIESST at cryogenic temperatures
with T(LIESST) = 81 K,?' which is barely affected by the presence
of <5 % dopant species, as in 1-3.232° Hence, the following exper-
imental sequence was followed for each sample: the EPR spectrum
was measured in the dark (prior to illumination) at 7 = 20 K; the
sample was illuminated until no further spectral changes occurred,
typically ca 10 mins; the photoswitched compound was warmed
(in the dark) from 20 to 90 K, with spectra being measured at 10-
20 K intervals; then, the sample was recooled to 20 K and remeas-
ured, to compare the observed “relaxed” spectrum with the initial
one. Each relaxed EPR spectrum at 20 K was identical to the one
observed before illumination (Figures S2, S3 and S5).
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Figure 1. Q-band EPR spectra of powdered 1 dispersed in KBr.
The sample was first measured prior to illumination (20 K, dark),
then illuminated and remeasured (20 K, light). The temperature
was then gradually increased and a series of spectra were record-
ed in the dark (40-90 K). Blue lines show simulations at 20 and 90
K. All spectra are normalized. The asterisk marks a radical impuri-

ty.

Fig. 1 shows the above series of measurements for 1. The initial
dark spectrum at 20 K is typical of low-spin (§ = 1/2) Co?* in a
rhombically distorted octahedral environment. The 8 line hyper-
fine splitting due to the nuclear spin of °Co (I = 7/2) is clearly
observed on the g, component of the spectrum. The spectrum can
be satisfactorily simulated using reasonable g = [2.06 2.10 2.20]
and hyperfine interaction Az;;= 300 MHz (2107 G; Ax and Ayy are
not well resolved).3* Upon photoillumination this spectrum disap-
pears. Such change is unambiguously assigned to a conversion of
low-spin Co?* to its high-spin configuration (S = 3/2), whose EPR
spectrum is much broader and less intense, being undetectable in
our conditions.?>3435 As the temperature is increased, the EPR
spectrum remains absent until the low-spin Co?* signal reappears
with a small fraction of its original intensity at 70 K, then regains

its full intensity at 80 K. This is consistent with the previously
reported T(LIESST) value of 80 K for 1.2’ The spectroscopic pa-
rameters of the low-spin spectra at 80-90 K differ only slightly
from those found at 20 K (g = [2.068 2.088 2.201], Az = 310 MHz
(110 G)), most likely due to a slight variation of the dopant mo-
lecular geometry with temperature and/or from dynamic Jahn-
Teller (JT) effects.3*3 To summarize, these data conclusively
demonstrate that the [Co(terpy)2]>* centers in 1 undergo quantita-
tive, allosteric spin state switching during LIESST excitation and
relaxation of the [Fe(bpp)2][BFs]2 lattice. That is, the spin state of
the [Co(terpy)2l** dopant is governed by the spin state of the
iron(I1) host material.

Fig. 2 shows a similar set of data for the [Cu(terpy).l**-doped
analogue 2. While some exchange-coupled copper(ID)-nitroxyl
clusters exhibit SCO-like phenomena,'-¥” magnetically isolated 3d°
Cu?* species like [Cu(terpy)2** cannot undergo SCO. However,
the JT nature of this ion makes its EPR parameters, especially the
g-tensor, highly sensitive to the small structural distortions im-
posed by surrounding lattice.
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Figure 2. Q-band EPR spectra of powdered 2 dispersed in KBr.
Details as in Figure 1. The dashed vertical line guides the eye to
visualise the changes in g1 during the experiment. The upper insets
show the temperature evolution of g1 and g in the illuminated
sample (red), and in the reference measurements on the same
pellet without illumination (black; Figure S4).

The spectrum at 20 K before illumination is typical of Cu?* in
an axially symmetric octahedral environment (Fig. 2) and can be
simulated using g = [2.061 2.061 2.252]. The photoswitching of the
[Fe(bpp)2[BF4]2 host lattice at 20 K is readily reflected in the
change of the g1 (gz) and g1 (gxy) components of the tensor. Nota-



bly all components of the g-tensor, and thus its isotropic value,
increase upon low—high-spin photoconversion of Fe?* lattice, to g
=[2.066 2.066 2.268] at 20 K. Such changes likely correspond to a
lengthening of the Cu—N bonds, meaning that the effective volume
of CuNs coordination octahedron has expanded. This is reasona-
ble, since LIESST excitation in [Fe(bpp)2][BFs]2 leads to a 2 %
isothermal increase in its unit cell volume, reflecting the longer
metal-ligand bonds in its high-spin excited state.?? That is, LIESST
photoexcitation leads to expansion of the host lattice, which thus
creates prerequisites for expansion of the dopant copper coordina-
tion sphere.

A gradual increase of the temperature of photoswitched 2 to 70
K is accompanied by a slight decrease in g, but the most pro-
nounced jump to gi~ gi( T= 20 K, dark) occurs between 70 and 80
K (Fig. 2) which again corresponds to T(LIESST) of the host lat-
tice. The temperature evolution of gi is less clear, since a more
pronounced gradual decrease in g1 occurs on warming between
20-70 K. Moreover, the g1 value at 80-90 K does not correspond
exactly to that found at 20 K in the dark, where the compound
also resides in its low-spin state. This indicates that the EPR spec-
trum of the [Cu(terpy)z]2+ sites in low-spin 2 is intrinsically tem-
perature-dependent. Such behavior is typical of dynamic JT phe-
nomena on Cu?* ions.2%%40 This was confirmed by recording the
temperature-dependent spectra of 2 between 20-70 K without
illumination (Figures 2 and S4). Even more pronounced manifes-
tations of dynamic JT effect were found for 3 (see below).

Fig. 3 shows the effect of LIESST and temperature on the EPR
of the alternative Cu?*-doped complex 3. In contrast to 2, the EPR
spectrum of 3 at 20 K before illumination is assignable to a rhom-
bically-distorted Cu?* ion in an octahedral environment, with all
components of g-tensor being well-resolved. Again, photoswitch-
ing of the [Fe(bpp)2][BF4l: host lattice results in a noticeable
increase of all components of the g-tensor, being most pronounced
for g« and g, and less pronounced for gy. Thus, as in 2, the average
Cu—N bond length in 3 increases upon LIESST excitation at 20 K.
However, subsequent increase of the temperature results in con-
tinuous changes of the g-tensor components over the whole range
of 20-90 K. As a result, the relaxation-induced discontinuities
around T(LIESST) are less pronounced, but still are visible for the
gx and g, components (Fig. 3, insets). Such a gradual dependence
of gxy(T) is assigned to strong manifestations of dynamic JT be-
haviour, which is also clearly visible in spectra recorded without
illumination over the same temperature range (Figure S$6).*' No-
tably the temperature dependences dgy/61 and &g,/ 5T, which are
most sensitive to the JT fluxional process,?>* are essentially iden-
tical in both the irradiated and non-irradiated samples (Fig. 3,
insets). That implies the thermodynamics of the JT re-orientation
in [Cu(bpp)2]** are almost unaffected by the LIESST excitation in
3, despite the expansion of its coordination sphere.

Thus, the JT nature of Cu?* dopants can complicate determina-
tion of T(LIESST) by this technique due to superimposing tem-
perature-dependent property of the dopant on top of the investi-
gated SCO behavior. Whether this occurs (3) or not (2), depends
on the ratio between T(LIESST) and the magnitude of the do-
pant’s reorientational JT barrier.?’ The low-temperature JT flux-
ionality in 3 is unusual since dynamic JT behavior in most solid
copper(Il) compounds, including salts of [Cu(terpy)2]?* %40 is
suppressed below 50 K.3 That allows the EPR of dopant Cu?*
ions to provide direct information on the spin state of a surround-
ing SCO lattice.
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Figure 3. Q-band EPR spectra of powdered 3 dispersed in KBr.
Details as in Figures 1 and 2. The upper insets show the tempera-
ture evolution of [gx gy g7] in the illuminated sample (red), and in
the reference measurements on the same pellet without illumina-
tion (black; Figure S6).

In conclusion, we have demonstrated a potent new approach for
studying LIESST phenomena by EPR of S = ' dopant species. In
this case, ca 3-4% of Co?* and Cu?* species were doped into the
[Fe(bpp)2][BF4]2 SCO host compound. While 3d® iron(II) com-
plexes are most studied in fundamental and applied SCO research,
detection of their spin transitions by EPR is usually impractical.
Their S = 0 low-spin states are clearly EPR-inactive, but their S =
2 high-spin forms are also EPR silent under most laboratory con-
ditions, due to their fast relaxation or large zero-field splitting.
Embedding dopants into such lattices has a double advantage.
First, EPR spectra of both Co?* and Cu?* are very responsive to
spin state transitions of the host material, which modulate the
structure of the host lattice surrounding the dopant molecules.
High-sensitivity EPR measurements on small amounts of doped
compounds are therefore straightforward. Second, in perspective,
allosteric switching effects in the dopant species, as in 1, are of
great additional interest. Modulation of the optical or magnetic
properties of dopant species by a spin-crossover host-lattice offers
a new route towards switchable multifunctional materials.

The high sensitivity and spectral selectivity that are required for
detecting small dopant concentrations are both provided by EPR,
but are not accessible with a traditional SQUID magnetometer for
example. Therefore, we believe that this first demonstration can be
a useful step forward in the design and characterisation of new
SCO compounds.
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